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Diffusible morphogen models have been used widely to explain regional specification of tissues and body axes during animal
development. The three-signal model for patterning the dorsal–ventral axis of the amphibian embryo proposes, in part, that
a factor(s) secreted from Spemann’s organizer is responsible for converting lateral marginal zone into more dorsal cell fates.
We examine the possibility that chordin, a secreted inhibitor of bone morphogenetic protein (BMP) signaling and candidate
“dorsalizing signal,” is a long-range-acting factor. We show that chordin can, when overexpressed, act directly over distances
of at least 450 mm in the early Xenopus embryo to create a gradient of BMP signaling. However, since lower levels of chordin
an still induce secondary axes and these amounts of chordin act only locally to inhibit a BMP target gene, we suggest that
hordin likely acts as a short-range signal in vivo. Furthermore, BMP1, a secreted metalloprotease that cleaves chordin
rotein in vitro, inhibits chordin’s axis-inducing effects, suggesting that BMP1 functions to negatively regulate chordin’s
ction in vivo. A dominant-negative mutant BMP1 blocks the in vitro cleavage of chordin protein by wild-type BMP1 and
induces secondary axes when injected ventrally. We argue that BMP1 and Xolloid are probably functionally redundant
metalloproteases and may have two roles in the early Xenopus embryo. One role may be to inhibit the action of low-level
chordin protein expressed throughout the entire embryo and a possible second role may be to inhibit activation of a
juxtacrine cell relay, thereby confining chordin’s action to the organizer region preventing chordin from functioning as a
long-range-acting factor. © 2000 Academic Press
Key Words: Spemann’s organizer; metalloprotease; BMP signaling; juxtacrine relay; pattern formation; morphogen;
tolloid.g
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A popular model for regional specification during meta-
zoan early development employs the long-range action of
graded morphogens (see Slack, 1983; Wolpert, 1996; for
review). Cell fates may be influenced by the action of
molecules at a distance from their source of synthesis
through the creation of a concentration gradient of a se-
creted signaling molecule. Cells located at different posi-
tions within the concentration gradient are believed to
differentially respond to the local concentration of morpho-
1 To whom correspondence should be addressed. Fax: (949) 824-
c4067. E-mail: ilblitz@uci.edu or kwcho@uci.edu.
120en and thereby express different batteries of genes, ulti-
ately leading to distinct types of cellular differentiation.
owever, little is known about the distribution and action
f secreted proteins implicated in regional specification in
ivo, especially in vertebrates.
In the amphibian Xenopus laevis, dorsal–ventral pattern-
ng of the mesoderm and ectoderm is, in part, regulated by
on-cell-autonomous activities emanating from Spemann’s
rganizer, a region of dorsal endomesoderm that can au-
onomously differentiate into dorsal axial structures (pre-
hordal plate, notochord). According to the “three-signal
odel” (Smith and Slack, 1983; Dale and Slack, 1987) for
esodermal patterning, the equatorial tissue fated to be-ome mesoderm is initially composed of two zones corre-
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121BMP1 Controls Chordin’s Range of Actionsponding to two different specification states. One zone is
dorsal in character and occupies an approximately 90°
sector of the “dorsal marginal zone” comprising Spemann’s
organizer. The remainder of the equatorial tissue, the “lat-
eral marginal zone” and “ventral marginal zone,” is ini-
tially ventral in character. It is hypothesized that Spe-
mann’s organizer expresses a “dorsalizing” activity
(potentially composed of many factors) during gastrulation
that converts the initially ventrally specified lateral mar-
ginal zone tissue toward more dorsal tissue types. A com-
ponent of the dorsalizing signal of the three-signal model
may comprise one or more of five different secreted bone
morphogenetic protein (BMP) antagonists expressed in the
organizer, specifically noggin, chordin, follistatin, cerberus,
and Xnr3 (Sasai et al., 1994; Smith and Harland, 1992;
Smith et al., 1995; Hemmati-Brivanlou et al., 1994; Fainsod
t al., 1997; Bouwmeester et al., 1996; Hansen et al., 1997).
ith the exception of Xnr3, each of these proteins has been
hown to be capable of physically interacting with BMPs in
itro (Zimmerman et al., 1996; Piccolo et al., 1996, 1999;
ainsod et al., 1997; Iemura et al., 1998; Hsu et al., 1998). It
as been suggested that one or more of these factors may
unction as long-range signals (Smith et al., 1993; Jones and
mith, 1998; Cho and Blitz, 1998). As the BMPs are not
hemselves graded in expression, a gradient of BMP signal-
ng may be established by graded action of one or more of
hese secreted BMP antagonists (i.e., an increasing availabil-
ty of unbound and therefore active BMP ligands may be
raded from dorsal to ventral).
Interestingly, it has recently been shown that the func-
ion of one of these secreted BMP antagonists, chordin, is
tself antagonized by the Xenopus astacin metalloprotease
olloid (Piccolo et al., 1997). Xolloid cleaves chordin at two
ites and, if it is prebound to BMPs, cleavage results in the
elease of active BMPs, making them available for signaling
it is currently unclear whether BMP binding by chordin is
precondition for Xolloid to cleave chordin; see Marque´s et
l., 1997; Piccolo et al., 1997). These regulatory mecha-
isms also are conserved between the dorsal–ventral pat-
erning systems of Drosophila and vertebrates, though an
axis inversion” appears to have occurred across this evo-
utionary distance (Nu¨bler-Jung and Arendt, 1994; DeRob-
rtis and Sasai, 1996). In Drosophila, the BMP-like ligands
PP and SCW (decapentaplegic and screw, respectively) are
roadly expressed and serve as signals specifying dorsal
ates (Ferguson and Anderson, 1992a; Wharton et al., 1993).
urthermore, the Drosophila chordin homolog, short gas-
rulation (SOG), opposes DPP and/or SCW action to pro-
ote ventral cell fates (Zusman et al., 1988; Ferguson and
nderson, 1992b; Wharton et al., 1993; Francois et al.,
994). SOG may function as a long-range-acting factor to
stablish a BMP signaling gradient, as mutants for SOG
ave pattern defects in tissues located at a distance from the
OG-expressing cells. And finally, tolloid (TLD), a Dro-
ophila metalloprotease related to Xolloid, cleaves SOG to
romote DPP/SCW-like signaling (Marque´s et al., 1997).
In vertebrates, the relationship between astacin metallo-
Copyright © 2000 by Academic Press. All rightrotease regulation of chordin and the possible role of
hordin as a long-range-acting BMP inhibitor, vis-a`-vis the
hree-signal model, have not been examined. In this study,
e demonstrate that chordin expressed at high doses can
ct non-cell autonomously and over a long range to inhibit
xpression of a direct BMP target gene, the ventrally-
ranscribed homeobox gene Xvent2. Evidence is provided
uggesting that chordin’s repressive action on Xvent2 is
irect and graded from its source of synthesis. However, we
lso provide evidence suggesting that chordin may not act
ver long distances to inhibit BMP signaling during normal
evelopment and therefore propose that chordin is a short-
ange-acting factor in vivo. We also show that Xenopus
MP1, an astacin metalloprotease related to Xolloid and
rosophila Tolloid, can inhibit chordin action via proteo-
ytic cleavage of the chordin protein. Ventral expression of
ominant-negative BMP1 induces a second dorsal axis and
artially rescues UV hyperventralized embryos. In both
ases dominant-negative BMP1 inhibits the action of both
MP1 and Xolloid. Furthermore, UV rescue by dominant-
egative BMP1 does not require expression of chordin in the
rganizer. More likely dominant-negative BMP1 acts by
rotecting ventrally localized chordin from cleavage by
ndogenous BMP1 and Xolloid and thereby activating a
hordin positive autoregulatory feedback loop. We suggest
hat one in vivo role of BMP1 and Xolloid is to allow for
proper spatial activation of a BMP4 positive autoregulatory
feedback loop by repressing activation of an opposing chor-
din positive autofeedback loop. In this regard, BMP1-related
metalloproteases may limit chordin’s propagation through
the embryo by its direct movement or by inhibiting a
chordin juxtacrine cell relay.
MATERIALS AND METHODS
Cloning of Xenopus BMP1 and Plasmid
Constructions
Multiple partial and full-length Xenopus BMP1 cDNAs were
solated from a Xenopus oocyte cDNA library and correspond to
he two pseudoallelic BMP1 genes previously reported (Maeno et
l., 1993; Goodman et al., 1998). All experiments reported here
used a cDNA corresponding to the sequence reported by Goodman
and co-workers (1998) but containing a 36-bp-longer 59UTR.
Dominant-negative BMP1 was constructed following subcloning of
the HindIII (Klenow filled in)–EcoRI fragment of Xenopus activinbB
DNA (Thomsen et al., 1990) between the BamHI (Klenow filled
in) and the EcoRI sites of pCS21. Since the coding sequence of the
putative activin maturation cleavage signal (RIKR) lies 5 bp up-
stream of a XhoI site, a PCR product digested with SalI and XhoI
ontaining the BMP1 C-terminal CUB/EGF repeat motifs was
loned between the XhoI site and a 39 XhoI site in the vector
hereby deleting the activin ligand coding region. The 59 PCR
primer incorporated a SalI site and a FLAG epitope tag immediately
preceding the first CUB repeat. To create pCS21chordinD39UTR,
the 39UTR of chordin was deleted from pCS21chordin (a generous
gift from E. DeRobertis and S. Piccolo) by partially digesting with
NcoI, digesting with XbaI, filling in the 59 overhangs with Klenow
polymerase, and ligating closed the plasmid.
s of reproduction in any form reserved.
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122 Blitz et al.Synthetic mRNA Preparation
All capped synthetic mRNAs were prepared using Message
Machine RNA Synthesis kits (Ambion, Inc.). Chordin and BMP1
mRNAs were prepared using SP6 polymerase from pCS21chordin,
pCS21chordinD39UTR, pCS21XBMP1, and pCS21DN-XBMP1
linearized with NotI. mRNAs encoding activinbB, noggin, and
b-galactosidase tagged with a nuclear-localization signal were
similarly prepared from pCS21activinbB, pCS21noggin, and
pCS21nbgal, respectively. Dominant-negative type I BMP receptor
as prepared from pxTFRII-DN3/64T linearized with EcoRI (Su-
uki et al., 1994). Cleavage-mutant BMP4 and cleavage-mutant
MP7 were prepared as previously described (Hawley et al., 1995).
Xolloid mRNA was prepared from pRN3-XLD using T3 RNA
polymerase following its digestion with EagI. DN-TCF3 was pre-
pared from pT7T3-DNTCF3 using T7 RNA polymerase following
its digestion with XbaI (Molenaar et al., 1996).
Embryo Manipulations, Microinjections, Reporter
Gene Experiments, and UV Rescue
Embryos were obtained by in vitro fertilization and cultured as
reviously published (Cho et al., 1991). Staging was according to
ieuwkoop and Faber (1967). Dorsal and ventral sides of early
leavage stage embryos were determined according to dorsal–
entral differences in pigmentation as previously described (Klein,
987; Cho et al., 1991). For UV rescue experiments, embryos were
dejellied 20 min postfertilization, loaded into a chamber lined on
the bottom with plastic wrap, and UV irradiated (260 nm) using a
hand-held UV light (Mineralight; UVB). Embryos were incubated at
15°C until first cleavage. The dorsoanterior indexing (DAI) scale
was used to score the extent of ventralization (Kao and Elinson,
1988). Benzamidine staining of blood islands was performed at
tailbud stage 36 according to previously described methods
(Hemmati-Brivanlou and Thomsen, 1995). For reporter gene experi-
ments, 20 pg of 2385Xvent2/luc plasmid (Candia et al., 1997) was
injected into one blastomere at the 64-cell stage with or without
mRNAs as described in the text. Luciferase assays were performed
on extracts prepared at early gastrula stage as previously described
(Watabe et al., 1995). In the case of “double injection” experiments,
after one blastomere was injected at the 64-cell stage with lucif-
erase reporter DNA, a second blastomere was chosen for injection
based on its distance (see text) from the first; the former was easily
identifiable due to its pigmentation around the healing injection
site.
Whole-Mount in Situ Hybridizations and Antibody
Staining
Whole-mount in situ hybridizations were performed as described
in Harland (1991) except for the use of BM purple (Boehringer
Mannheim Biochemicals) as colorimetric substrate and maleic acid
buffer according to Knecht et al. (1995). Digoxigenin-labeled anti-
sense riboprobes were synthesized using standard methods (Har-
land, 1991). In situ experiments requiring visualization of rhoda-
mine fluorescence were performed by diluting capped mRNAs in
rhodamine lysinated dextran (RLDx; Molecular Probes, Inc.) to a
final RLDx concentration in the range of 2.5–5 ng/nl. Following in
situ hybridization and BM purple staining, rhodamine fluorescence
was detected using an Olympus Vanox microscope fitted with a
rhodamine filter set. Whole-mount in situ hybridization experi-
ments requiring simultaneous visualization of the digoxigenin-
Copyright © 2000 by Academic Press. All rightlabeled RNA probe, rhodamine, and fluorescein in the same em-
bryo were performed as follows. Synthetic mRNAs were diluted in
rhodamine lysinated dextran or fluorescein lysinated dextran
(FLDx) (Molecular Probes, Inc.) such that the final injected concen-
tration of the fluorescent dextran was in the range of 2.5–5 ng/nl.
RLDx-containing samples were always injected first, allowing easy
identification of the injected blastomere in albino embryos by its
slightly reddish appearance. Embryos were fixed at appropriate
stages in MEMFA (Harland, 1991) for 1.5 h and dehydrated in
ethanol. Following the BM purple staining step for detection of
hybridized digoxigenin-labeled probes, embryos were postfixed for
1 h in MEMFA and dehydrated in methanol. For detection of
fluorescein, the embryos were incubated with HRP-conjugated
anti-fluorescein Fab fragments (Boehringer Mannheim Biochemi-
cals) at 1:200–1:500 dilution in PBT110% lamb serum and then,
after five 1-h washing steps in PBT, stained with DAB as colori-
metric substrate. Rhodamine fluorescence was photographed using
fluorescence optics, and the BM purple and DAB reaction products
were photographed under bright-field optics.
In Vitro Chordin Cleavage Assays
293T cells were grown in DMEM110% fetal calf serum and
transfected with pCS21 vectors containing “wild-type” BMP1-HA
or DN-BMP1 or a 1:4 mixture of BMP1-HA and DN-BMP1 using
FuGENE 6 transfection reagent (Boehringer Mannheim). Twenty-
four hours after transfection, the cell monolayer was washed with
PBS twice and serum-free medium was added (an equal v/v/v
mixture of DMEM, Iscove’s medium, and F-12) for an additional
48 h. Conditioned medium from pCS21-transfected cells was used
as a negative control. The conditioned media were collected and
filtered through a 0.45-mm membrane, and the filtrate was used as
he “enzyme fraction.” Chordin-myc protein was obtained from
aculovirus-infected cells (Piccolo et al., 1996) as follows. The
medium from baculovirus-infected Sf9 cells was collected and
dialyzed against 20 mM Tris–HCl (pH 7.4), 1 mM MgCl2, 2.5 mM
CaCl2, 10% glycerol, 150 mM NaCl, and 0.1% Triton X-100. Ten
icroliters of chordin-myc-containing dialysate and 20 ml of en-
yme fractions were mixed and incubated at 30°C for 15 h. Fifteen
icroliters of each reaction was denatured in SDS sample buffer
nd fractionated on a 7.5–15% linear gradient SDS–polyacrylamide
el. Gels were blotted to PVDF membrane (Millipore) and mem-
ranes were probed with anti-myc or anti-FLAG polyclonal anti-
odies (A-14 and D-8, respectively; Santa Cruz) or anti-HA mono-
lonal (12CA5; Boehringer Mannheim), followed by appropriate
RP-conjugated goat IgGs (Sigma). The HRP was visualized using
Super Signal enhanced chemiluminescence kit (Pierce).
RT-PCR Experiments and BMP2/Cycloheximide
Treatment
Ventral and dorsal marginal zones were dissected from stage 10.25
embryos and total RNA was prepared (Chomczynski and Sacchi,
1987). RT-PCR was performed as described previously (Blitz and Cho,
1995) using the chordin-specific primers 59-AACTGCCAG-
GACTGGATGGT-39 and 59-GGCAGGATTTAGAGTTGCTTC-39,
which recognize the 39UTR of chordin. Histone H4 primers are
described in Blitz and Cho (1995). Chordin and histone H4 were
amplified using 30 and 24 cycles, respectively. Animal caps were
dissected from stage 8.5–9 embryos in CMFM (88 mM NaCl, 1 mM
KCl, 2.4 mM NaHCO3, 7.5 mM Tris–HCl, pH 7.6). Ten to twenty
caps per treatment were transferred to fresh CMFM10.1% BSA
s of reproduction in any form reserved.
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123BMP1 Controls Chordin’s Range of Action(CMFM/B) and dissociated into a single-cell suspension according to
Green et al. (1992). Cells were incubated for 30 min in the presence or
absence of 5 mg/ml cycloheximide (CHX; Cho et al., 1991), washed
nce in CMFM/B 6 CHX containing appropriate concentrations of
MP2 protein, and then incubated for an additional hour in the same.
ells were then incubated in CMFM/B containing appropriate
mounts of BMP2 until control embryos reached early gastrula stage,
pproximately an additional 45 min. Throughout the procedure cells
ere maintained as a single-cell suspension by gently swirling dishes
very 15 min. RNA was isolated and subjected to RT-PCR. Xvent2-
pecific primers were 59-AGGCCATTTGTTAGATATTAATC-39
nd 59-GTATTTTTCATAGAATATACACGC-39.
RESULTS
Xenopus BMP1 Plays a Role in Ventral
Specification
We have recently demonstrated that human BMP1 can
proteolytically cleave chordin protein in vitro (Scott et al.,
999). Furthermore, both Xenopus and human BMP1 can
pecifically antagonize the action of chordin, but not by
oggin, dominant-negative type I BMP receptor, nor “cleav-
ge mutant” BMP4, in in vivo secondary axis induction
ssays (Scott et al., 1999). To determine whether BMP1
lays a role in regulating chordin activity in Xenopus in
ivo, we first examined whether Xenopus BMP1 can affect
orsal–ventral patterning of embryos. A reexamination of
his issue was necessary as previous reports suggest con-
icting roles for BMP1 as a factor capable of either ventral-
zing or weakly dorsalizing Xenopus mesoderm (Lin et al.,
997; Goodman et al., 1998). BMP1 mRNA is uniformly
xpressed in early Xenopus embryos throughout early
leavage stages and gastrulation (data not shown; see also
aeno et al., 1993; Goodman et al., 1998). Dorsal overex-
ression of Xenopus BMP1 results in a reduction in dor-
oanterior development visible at tailbud stage embryos
data not shown), similar to that previously reported for
orsal overexpression of BMP1 and Xolloid (Goodman et al.,
998). Ventral overexpression by microinjection of BMP1
RNA results in an expansion in the size of the ventropos-
erior region of embryos and becomes visible by early to
idtailbud stages (data not shown). These embryos develop
ctopic blood-filled structures at tadpole stages (Figs. 1A–
C; see also Fig. 4E). A similar phenotype is also observed in
ebrafish embryos homozygous mutant for the chordin
ene (chordino; Hammerschmidt et al., 1996a). These re-
ults taken together are consistent with the notion that
MP1 may play a role in promoting ventroposterior states
f specification in vivo by inactivating chordin protein (see
elow).
To demonstrate that BMP1 acts during (or before) gastru-
ation to alter dorsal–ventral patterning of the mesoderm,
e microinjected BMP1 mRNA into all four blastomeres at
he four-cell stage and examined gastrula stage expression
f the marker genes goosecoid (organizer, dorsal; Figs. 1J
nd 1K), myf5 (dorsolateral; Figs. 1G and 1H), and sizzled
ventral; Figs. 1D and 1E) (Cho et al., 1991; Dosch et al., E
Copyright © 2000 by Academic Press. All rightFIG. 1. BMP1 is ventralizing. Xenopus BMP1 mRNA was
njected radially into the marginal zone of each blastomere of
our-cell stage embryos. (A) Stage 43 tadpole following injection
f 300 pg BMP1 mRNA/blastomere. Embryos develop ectopic
tructures often in the ventroposterior region and sometimes in
lose apposition to the endoderm (data not shown). Embryos
njected with lower doses (30 –100 pg/blastomere) also develop
hese structures, but by stage 43 they are no longer morphologi-
ally visible (data not shown). (B) Transverse section through the
osterior region shown in A (see also inset) shows an abundance
f erythrocytes. (C) A transverse section through the heart
egion (inset) of an uninjected sibling showing erythrocytes for
omparison. (D–L) Whole-mount in situ hybridization analyses
omparing gene expression from uninjected control embryos (D,
, and J) to wild-type (wt; E, H, and K) and dominant-negative
DN; F, I, and L) BMP1-injected embryos. All embryos are vegetal
ole views oriented with dorsal toward the top. Embryos were
nalyzed at early gastrula stage 10.25–10.5 following microin-
ection of either 15 pg wtBMP1 or 100 pg DN-BMP1 marginally
nto each blastomere at the four-cell stage. (D–F) Embryos
robed for Xsizzled. (G–I) Embryos probed for Xmyf5. (J–L)
mbryos probed for goosecoid.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All right1997; Salic et al., 1997). Overexpression of BMP1 led to an
expansion of ventral cell fate specification at the expense of
dorsal and dorsolateral cell fates. These changes in marker
gene expression induced by BMP1 are consistent with the
reduction in anterior development and the appearance of
ectopic blood at later stages. These observations are also
consistent with the notion that BMP1 acts by inhibiting
chordin activity to increase BMP signaling during the
period between midblastula transition and early gastrula
stage (Jones et al., 1996b; Zhang and Evans, 1996; Sasai et
al., 1995).
Chordin Can Produce a Gradient of BMP Signaling
in Vivo
To determine the in vivo function of BMP1, we first
ought to determine whether chordin is capable of acting as
long-range BMP antagonist. Many studies have attempted
o demonstrate long-range effects of various secreted signal-
ng molecules on embryonic patterning. However, the ef-
ects assayed may be due to indirect consequences of
xpression of the molecule of interest and therefore may
ot truly represent direct long-range effects. For this reason,
e sought to establish a direct link between a local source
f chordin expression and a direct readout of its function in
ivo. Therefore, we assessed the ability of chordin to act at
distance to inhibit expression of the Xenopus gene vent2
Xvent2; known variously as Vox, Xom, and Xbr-1; Onich-
tchouk et al., 1996; Schmidt et al., 1996; Ladher et al., 1996;
Papalopulu and Kintner, 1996). Xvent2 is a homeobox gene
broadly expressed in the animal pole and marginal zone, but
is absent from the dorsal side of the gastrula stage embryo
(Onichtchouk et al., 1996). The endogenous Xvent2 gene
and an Xvent2 promoter-luciferase reporter gene are both
specifically stimulated by BMP signals and are inhibited by
a dominant-negative BMP type I receptor (Onichtchouk et
al., 1996; Dosch et al., 1997; Candia et al., 1997). More
importantly, Xenopus animal cap cells continue to express
Xvent2 in response to BMP2 in the presence of the protein-
synthesis inhibitor cycloheximide (Fig. 2A, lanes 9–14).
These data strongly suggest that Xvent2 is expressed as a
direct response to BMP signaling and therefore is a direct in
vivo target of the BMP signaling cascade. This result makes
it possible to use the presence of Xvent2 expression as a
lastomere at the same stage was injected with 1 ng of chordin
RNA. The position of the second blastomere relative to the
eporter-injected blastomere is indicated (see inset). “A” indicates
he blastomere adjacent to the reporter-injected blastomere. Num-
ers indicate blastomeres located one, two, or three cells removed
rom the injected blastomere. Similar experiments were repeated
hree times. The first two lanes show luciferase activity produced
n response to 2 ng of dominant-negative type I BMP receptor or 1
g of chordin mRNAs co-injected together with the Xvent2 re-FIG. 2. Chordin can create a gradient of BMP signaling. (A)
Xvent2 is a direct target of BMP signaling. Animal caps were
dissected from late blastula stage 8.5–9 embryos and dissociated
into single-cell suspensions. Protein synthesis was inhibited by
treatment with cycloheximide (CHX) and the cells were stimulated
with purified BMP2 protein at the indicated concentrations. RT-
PCR analysis for expression of Xvent2 and histone H4 mRNA is
shown. 2RT, no reverse transcriptase control. (B) 2357Xvent2/luc
differentially responds to varying amounts of BMP signaling. In-
creasing concentrations of chordin mRNA were co-injected with 20
pg of 2357Xvent2/Luc reporter into a single 64-cell stage blas-
tomere. A semilog plot of luciferase activity at gastrula stage as a
function of amount of injected chordin mRNA is shown. (C)
Chordin can create a long-range gradient of BMP signaling. Em-
bryos were injected as shown in the inset box. 2357Xvent2/Lucb
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norter into the same blastomere.
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125BMP1 Controls Chordin’s Range of Actionmarker for regions where BMP signaling is active and, by
extension, its absence can be used to determine where BMP
signaling is repressed.
To determine whether chordin can act as a long-range
inhibitor of BMP signaling to produce a BMP signaling
gradient, we initially utilized a BMP-responsive reporter
gene (2357Xvent2/luc; Candia et al., 1997). This reporter
gene contains a BMP-responsive element and allows for a
quantitative readout of luciferase activity as a measure of
BMP-mediated activation of Xvent2 transcription (von
Bubnoff, Blitz, and Cho, unpublished data; Candia et al.,
1997). First, we examined whether the Xvent2/luc reporter
is capable of differentially responding to graded levels of
BMP signaling or whether the reporter gene responds to
BMP signaling in an all-or-none fashion. Since animal pole
cells express and respond to endogenous BMP ligands, these
experiments examine chordin’s inhibition of endogenous
BMP signaling. When the Xvent2 reporter gene is co-
njected along with increasing amounts of chordin mRNA
nto a single animal blastomere at the 64-cell stage, reporter
ene activity at gastrula stage is inhibited to a degree
ependent on the amount of co-injected chordin mRNA
i.e., the more chordin mRNA injected, the greater the
egree of inhibition; Fig. 2B). This result demonstrates not
nly that the Xvent2 reporter gene is inhibited by chordin,
ut also that graded inhibition of BMP signaling by chordin
an be registered as a graded readout by a single reporter
ene. It is also important to note that the maximal level of
nhibition of 2357Xvent2/luc obtained by chordin corre-
ponds to approximately the same level of inhibition of
MP signaling achieved upon injection of high concentra-
ions (2 ng) of dominant-negative type I BMP receptor
DN-BR). Therefore, we used this high concentration of
N-BR as a control in subsequent experiments discussed
elow.
To quantitatively compare levels of inhibition of BMP
ignaling in cells that lie at different distances from the
ource of chordin expression, the Xvent2/luc reporter was
rst microinjected into a single animal pole blastomere at
FIG. 3. Chordin’s range of action is dose dependent. (A–G and J) Cho
(RLDx) into a single animal pole blastomere at the 64-cell stage. (D
hole-mount in situ hybridization (blue), in a “zone of inhibition” (w
mages in D–F and J with corresponding fluorescence images of the R
hat, at higher concentrations of injected chordin, the zone of inhibiti
f cells. At the highest dose of chordin shown (300 pg; A, D), the bound
f inhibition of Xvent2 is approximately 450 mm from the edge of the
ominant-negative type I BMP receptor (2 ng) and “cleavage mutant”
f chordin in this assay. The asterisk in C marks the narrow area aro
vent2 expression can be rescued by elevating the level of expression
y chordin. The arrow in N points to a region of rescued Xvent2 exp
n A–L, N, and O are animal pole views. (P) Levels of chordin correspon
adpole stage embryos showing moderate-sized secondary axes (arro
arginal zone blastomere at the 64-cell stage. At this dose 57% of induced secondary axes in 75% of injected embryos (n 5 28).
Copyright © 2000 by Academic Press. All righthe 64-cell stage, and then chordin mRNA was separately
icroinjected into other blastomeres located at varying
istances from the reporter-injected blastomere (Fig. 2C,
nset). When 1 ng of chordin mRNA is microinjected into a
lastomere immediately adjacent to the reporter-injected
lastomere, the reporter gene is strongly repressed (approx
ightfold; Fig. 2C). While we did not observe complete
nhibition of the reporter in this particular sample, the level
f repression when chordin is injected adjacent to the
eporter often corresponds to the same level as when
eporter and chordin are co-injected into the same blas-
omere (data not shown). Chordin’s repressive effects on
MP signaling were also detected when one uninjected
lastomere separated the chordin- and reporter-injected
lastomeres (approx fourfold; Fig. 2C) and its repressive
ffects could still be detected when three uninjected blas-
omeres separated the two injected blastomeres. Impor-
antly, the level of repression of the Xvent2 reporter de-
lined steadily with increasing distance between the
hordin source and the reporter gene, supporting the notion
hat a gradient of inhibition of Xvent2 expression can be
chieved by ectopic overexpression of chordin.
Chordin’s Direct Long-Range Action Occurs Only
at High Chordin Doses
To further examine chordin’s long-range repression of
BMP signaling, we used inhibition of endogenous Xvent2
expression in response to ectopically expressed chordin.
Single animal pole blastomeres at the 64-cell stage were
injected with chordin mRNA, and Xvent2 expression was
analyzed by whole-mount in situ hybridization at early
gastrula stage. The size of the “zone of inhibition” of
Xvent2 expression was examined with respect to the area of
cells expressing chordin by marking chordin-expressing
“clones” of cells with the co-injected lineage tracer RLDx.
Following whole-mount in situ hybridization, the embryos
were examined under both fluorescence and bright-field
optics to compare rhodamine fluorescence to the colorimet-
RNA was microinjected together with rhodamine lysinated dextran
nd J) The loss of Xvent2 gene expression is shown, as detected by
) induced by chordin. (A–C and G) Merged images of the bright-field
, which marks the progeny of the chordin-injected blastomere. Note
Xvent2 expression expands outside of the RLDx fluorescing “clone”
which is not sharp) between the Xvent2-expressing cells and the zone
din-expressing fluorescent cell population (yellow arrow). (H, I, K, L)
P4 (2 ng) do not act at a distance and behave like low concentrations
he chordin-expressing cells which are not expressing Xvent2. (M–O)
MP1 in cells within the zone of inhibition of BMP signaling induced
n overlapping a BMP1-expressing clone of cells (see O). All embryos
to chordin’s short-range action are sufficient to induce secondary axes.
nduced by injection of 3 pg of chordin mRNA into a single ventral
ed embryos (n 5 30) developed secondary axes and 10 pg of chordinrdin m
–F a
hite
LDx
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126 Blitz et al.FIG. 4. Dominant-negative BMP1 inhibits wild-type BMP1’s activity in vitro and in vivo. (A) Construction of a dominant-negative BMP1
rotein (DN-BMP1). The C-terminal three CUB repeats and one EGF repeat of BMP1 were fused in frame with the prodomain of Xenopus
ctivinbB, which had its ligand domain discarded. The DN-BMP1 protein is expected to be processed at the activin maturation cleavage site
(inverted triangle) upstream of a single FLAG epitope tag located between the cleavage site and the first CUB repeat. (B) Western
immunoblotting of transfected COS cell supernatants using anti-FLAG antibody shows that DN-BMP1 is synthesized, secreted, and
processed. Lane 1, control untransfected cell supernatant. Lane 2, a band migrating at approximately 60 kDa corresponding to FLAG-tagged
processed DN-BMP1. Lane 3, the reduced mobility of DN-BMP1 in lane 2 is likely due to its glycosylation as treatment of transfected cells
with the glycosylation inhibitor tunicamycin increases the migration of DN-BMP1 to approximately 52 kDa. (C) DN-BMP1 inhibits
chordin proteolysis by wild-type BMP1 in vitro. Transfected 293T cell supernatants were incubated with chordin protein tagged at its
C-terminus with a myc epitope (;120 kDa; open arrowhead). Lane 1, control pCS21-transfected supernatants do not contain significant
chordin-cleaving activity. Lane 2, supernatant containing wild-type (WT) BMP1 leads to a decrease in the amount of full-length chordin
protein and the appearance of faster migrating (;95 kDa; closed arrowhead) cleavage product. Lane 3, supernatant containing DN-BMP1 has
no chordin-cleaving activity. Lane 4, DN-BMP1, when cotransfected together with wild-type BMP1, blocks chordin cleavage. (D–H)
DN-BMP1 inhibits the activity of wild-type BMP1 and wild-type Xolloid in vivo. (E, G) Expansion of the ventral blood island is observed
following microinjection of 15 pg of wild-type BMP1 or wild-type Xolloid marginally into each blastomere at the 4-cell stage (compare to
uninjected sibling control in D). (F, H) Injection of 50–150 pg of DN-BMP1 with 15 pg wild-type BMP1 or wild-type Xolloid abrogates the
ventral blood island expansion phenotype.
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127BMP1 Controls Chordin’s Range of Actionric staining for Xvent2 expression. Xvent2 expression is
extinguished from a large portion of the animal hemisphere
if the amount of injected chordin is in the 300 pg to 1 ng
range (Figs. 3A and 3D and data not shown). The distance
from the upper edge of the chordin-expressing cells in Fig.
3A (marked with RLDx) to the nearest border of Xvent2
expression (double-headed yellow arrow) is approximately
400–450 mm, suggesting that chordin can affect gene ex-
pression over at least this distance.
While we have shown that Xvent2 is a direct target of
MP signaling (Fig. 2A), it is formally possible that chor-
in’s long-range repressive effects on Xvent2 expression are
ndirect. If chordin’s inhibition of BMP signaling results in
ctivation of a downstream gene cascade that represses
vent2 expression by some indirect mechanism, a similar
esult might be expected. One prediction of this “indirect
ction” model for chordin’s long-range effects is that inhi-
ition of BMP signaling via any means should also activate
he same hypothetical cascade and thereby also act at a
istance to inhibit Xvent2. Therefore, we examined the
ong-range repressive effects of dominant-negative mutant
ersions of the Xenopus type I BMP receptor (Graff et al.,
994; Suzuki et al., 1994) and “cleavage mutant” BMP4
Cm-BMP4; Hawley et al., 1995) on expression of Xvent2.
N-BR and Cm-BMP4 are reagents that efficiently and
pecifically inhibit BMP signal transduction in vivo. While
t is unknown whether Cm-BMP4 protein can inhibit BMP
ignaling non-cell autonomously, it might be expected that
membrane-spanning DN-BR should act cell autono-
ously. Two nanograms of DN-BR mRNA or 2 ng of
m-BMP4 mRNA were each co-injected along with RLDx
s described above for chordin. These injected RNAs inhib-
ted Xvent2 expression, as detected by whole-mount in situ
ybridization, only in the region coincident with the rho-
amine fluorescence (Figs. 3H, 3I, 3K, and 3L) in a manner
imilar to that observed for 300 fg–1 pg of chordin mRNA
Figs. 3G and 3J and data not shown). These observations
uggest that DN-BR and Cm-BMP4, unlike high concentra-
ions of chordin, act either cell autonomously or over a very
hort range to inhibit Xvent2 expression.
While these data generated using DN-BR and Cm-BMP4
uggest that chordin, at high doses, is likely acting directly
t a distance, we also used another approach to examining
his issue. If chordin protein synthesized from the marked
lone of cells can diffuse, or by some other mechanism act
n distant cells to repress Xvent2 expression, one might
xpect that chordin’s repression of Xvent2 at a distance
hould be sensitive to BMP1 proteolytic inactivation. To
est this hypothesis, we sought to examine whether Xvent2
xpression, in cells lying within the chordin-induced zone
f Xvent2 inhibition, could be rescued if these cells have
levated levels of expression of BMP1. Therefore, we micro-
njected a high concentration of chordin mRNA into one
nimal blastomere at the 64-cell stage, and a second blas-
omere (with one uninjected blastomere separating the two)
as injected with BMP1 mRNA (see Fig. 3M). To mark the
ifferent clonal populations of cells derived from these two i
Copyright © 2000 by Academic Press. All rightnjected blastomeres, chordin- and BMP1-expressing cells
n the same embryo were differentially labeled by co-
njecting the chordin mRNA with the lineage tracer FLDx
nd co-injecting the wild-type BMP1 mRNA with RLDx. At
arly gastrula stage, embryos were subjected to whole-
ount in situ hybridization to detect Xvent2 expression.
he embryos were then whole-mount antibody stained
sing a horseradish peroxidase-coupled anti-fluorescein an-
ibody to visualize the cells expressing chordin. The BMP1-
xpressing cells were visualized under rhodamine fluores-
ence optics (Fig. 3O) while the Xvent2 and chordin-
xpressing cells were visualized by bright-field optics (Fig.
N). When 4.5 pg of wild-type BMP1 was injected, Xvent2
xpression was rescued (Fig. 3N, arrow) in the region of
verexpression of BMP1 (compare Figs. 3N and 3O). These
esults further support the notion that chordin’s long-range
ction (when overexpressed; see below) is direct. Further-
ore, these results suggest that the levels of BMP1 expres-
ion in the embryo might play a role in determining how far
rom the endogenous source of chordin expression (Spe-
ann’s organizer) it is capable of acting.
The experiments described above show that chordin,
hen overexpressed, is capable of acting over a fairly large
rea of the embryo to inhibit BMP signaling. Therefore, we
ished to determine the physiological range of action of
hordin. It is interesting to note that chordin’s long-range
nhibition of BMP signaling is observed at high doses of
hordin, but not at lower doses. When lower levels of
hordin mRNA were microinjected, the size of the zone of
nhibition of Xvent2 expression was gradually reduced
compare Figs. 3A–3F, 3G, and 3J). At low concentrations of
hordin mRNA (3 pg; Figs. 3C and 3F), Xvent2 expression
as only slightly inhibited outside of the rhodamine-
uorescing region. Chordin-induced inhibition of Xvent2
xpression was still detected using as little as 300 fg of
njected chordin mRNA and appeared as a small patch of
ells closely coinciding with the area of rhodamine fluores-
ence (Figs. 3G and 3J). The importance of these effects of
he lower concentrations of chordin mRNA on the distance
ver which Xvent2 can be repressed is underscored by the
nding that secondary axes can still be induced efficiently
t a chordin dose of as little as 3 pg (Fig. 3P). These
bservations, and other arguments (see Discussion), lead us
o conclude that, while chordin can act over large distances
o inhibit BMP signaling when overexpressed, it is more
ikely that chordin acts over short distances to repress BMP
ignaling in vivo.
Dominant-Negative BMP1 Inhibits the Function of
both BMP1 and Xolloid
To examine the role of BMP1 in the regulation of chordin
function in vivo, we constructed a dominant-negative mu-
tant version of BMP1 (DN-BMP1). It has previously been
suggested that the C-terminal CUB and EGF repeats region
of the Drosophila Tolloid metalloprotease might play a role
n protein–protein interactions (Childs and O’Connor,
s of reproduction in any form reserved.
128 Blitz et al.FIG. 5. Dominant-negative BMP1 is dorsalizing. (A) One hundred picograms of DN-BMP1 was injected into the marginal zone of a ventral
vegetal blastomere at the 8-cell stage. Most embryos (89%, n 5 57) develop secondary axes which were incomplete as they lack anterior
structures; however, a small percentage (;3.5%) were cyclopic. Different batches of embryos respond differently to DN-BMP1 (data not
shown). In many batches, 100 pg is insufficient to induce secondary axes, but 300 pg will induce secondary axes efficiently. Usually, 1 ng
of DN-BMP1 induces gastrulation defects. At these higher doses of DN-BMP1, the appearance of cyclopic heads and heads containing two
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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129BMP1 Controls Chordin’s Range of Action1994). With this in mind, we sought to express at high
levels a protein fragment comprising only the BMP1
C-terminal single EGF and three CUB repeats region
(“CUB-EGF region”; see Fig. 4A). As astacin metallopro-
teases are often poorly recovered from transfected-cell su-
pernatants, and this problem can be circumvented by
changing their N-terminal signal peptides (D. S. Greenspan,
personal communication), we constructed a chimeric
activin–BMP1 fusion protein (Fig. 4A). Chimeric
prodomain–ligand strategies using the prodomains of
TGFbs have been successfully used to produce secreted
ctive TGFb ligands including Vg1, Xnrs 1 and 2, and the
non-TGFb secreted factors XWnt8 and cerberus (Thomsen
and Melton, 1993; Dale et al., 1993; Jones et al., 1996a;
Constam and Robertson, 1999; Piccolo et al., 1999). The
N-terminal signal peptide and prodomain of Xenopus
activinbB was fused to the CUB-EGF region of Xenopus
MP1 such that the amino acids upstream of BMP19s first
UB repeat were deleted (see Fig. 4A). The DN-BMP1
rotein chimera maintains the activin maturation cleavage
ignal between the activin prodomain and the BMP1 CUB-
GF region to allow cleavage of the prodomain, thereby
eyes rises to approximately 30% of injected embryos. (B) Co-inject
ventral vegetal blastomere at the 8-cell stage results in strong stai
that DN-BMP1 functions in the region where it is expressed, conve
to act at a distance to induce secondary axes. (C) Microinjection of
at the 4-cell stage induces secondary axes (arrows), and formation
wild-type BMP1 or Xolloid mRNA (data not shown).
FIG. 6. Axis rescue by dominant-negative BMP1 suggests that
regulated by BMP1 and Xolloid. (A) Hypothesis 1: Chordin protein
at a distance (e.g., by diffusing away from the organizer; arrows)
endogenous BMP1 and Xolloid. DN-BMP1 blocks chordin’s degr
Chordin protein, while synthesized by cells in Spemann’s organize
embryo (left, light blue), perhaps as maternally expressed mRN
expression on the ventral side may block BMP1 and Xolloid th
development of secondary axes. Embryos depicted to the right in A
blocks expression of chordin in the organizer at gastrula stage (Sasai
herefore, assessing DN-BMP19s ability to induce an axis in UV-h
xpression of chordin is necessary for the axis-inducing activity of D
DAI 5 0.13, n 5 46). (D) UV-treated embryos injected marginally
(E) Axis rescue was blocked by co-injection of either 60 pg wild-t
together with 100 pg DN-BMP1. Therefore, we conclude that DN
Xolloid. (F) Sibling control embryos used for staging. (GL) Axis re
TCF3 (DN-TCF3). It has previously been shown (Laurent et al., 19
treatment during the first cell cycle results in ectopic expression of
the possibility that axis rescue by DN-BMP1 could be due to a mo
the vegetal pole and “diffuses” into the marginal zone. Similar to hy
be inhibited by DN-BMP1. To rule out this possibility, we soug
organizer formation by DN-TCF3. (G) Hyperventralized embryos
blastomere at the 2-cell stage. lacZ mRNA was co-injected together
in embryos injected dorsally with DN-TCF3 and lacZ were partially
into each of the two vegetal blastomeres. Note that the lacZ stainin
while axes are derived from unmarked ventral tissue. (I) Control
showing the normal distribution of lacZ into dorsal structures. (J) C
alone showing the normal distribution of lacZ into ventroposterior
(L) A sibling embryo showing chordin expression in the organizer. K an
Copyright © 2000 by Academic Press. All righteleasing the BMP1 CUB-EGF fragment. A FLAG epitope
as also included immediately downstream of the matura-
ion signal to allow epitope tagging of the N-terminus of the
mature” BMP1 CUB-EGF protein fragment. To confirm
ynthesis and secretion of the DN-BMP1 protein, western
mmunoblot analysis was performed on supernatants of
93T cells transfected with the DN-BMP1 expression vec-
or (Fig. 4B). Anti-FLAG antibodies detect a band with a
obility on SDS–polyacrylamide gels corresponding to ;60
Da (lane 2), which is higher than the predicted molecular
eight of ;50 kDa. This is apparently due to glycosylation
ithin the CUB-EGF region since treatment of transfected
ells with the glycosylation inhibitor tunicamycin (lane 3)
educes the mobility of the CUB-EGF fragment to ;52 kDa.
hese data suggest that the FLAG-tagged DN-BMP1 protein
s indeed synthesized, processed from the activin prodo-
ain, and secreted.
To determine whether DN-BMP1 can inhibit the enzy-
atic activity of wild-type BMP1, we examined the ability
f DN-BMP1 to block BMP1-mediated chordin proteolysis
n vitro. 293T cells were transfected with an expression
ector driving the expression of wild-type Xenopus BMP1.
f 30 pg lacZ mRNA together with 100 pg DN-BMP1 into a single
in the secondary axes of tailbud stage embryos. This result shows
ventral marginal zone to dorsal organizer tissue, and does not need
g of DN-BMP1 into the marginal zone of both ventral blastomeres
these axes can be blocked (D) by co-injection with 60–100 pg of
in expressed outside of Spemann’s organizer may be negatively
thesized by cells in Spemann’s organizer (left, dark blue), may act
mally, this chordin protein may be the target of degradation by
on leading to development of secondary axes. (B) Hypothesis 2:
, dark blue), may also be distributed at a low level throughout the
protein or as low-level uniform zygotic expression. DN-BMP1
y allowing this uniformly expressed chordin protein to induce
show the effects of UV treatment during the first cell cycle, which
l., 1994, and data not shown), not nonorganizer chordin expression.
ventralized embryos permits determination of whether organizer
MP1 (C–F). (C) UV-irradiated embryos which are hyperventralized
e 8-cell stage with 100 pg of DN-BMP1 mRNA (DAI 5 3, n 5 27).
(WT) BMP1 or 60 pg wild-type Xolloid (data not shown) mRNAs
P1 functions to induce axes by blocking endogenous BMP1 and
by DN-BMP1 in embryos hyperventralized by dominant-negative
edina et al., 1997) that inhibition of organizer formation by UV
organizer marker genes in the vegetal pole. We wished to rule out
version of hypothesis 1, in which chordin is instead expressed in
esis 1 above, degradation of this chordin by BMP1 and Xolloid may
rescue axis formation using DN-BMP1 following inhibition of
wing injection of 250 pg marginally into the dorsal side of each
DN-TCF3 to mark tissue derived from the injected side. (H) Axes
ued by ventral injection at the 8-cell stage with 100 pg of DN-BMP1
rking cells which would have been dorsal, now marks ventral cells,
yos injected in the dorsal marginal zone with lacZ mRNA alone
ol embryos injected in the ventral marginal zone with lacZ mRNA
ctures. (K) DN-TCF3 inhibits chordin expression in the organizer.ion o
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130 Blitz et al.Conditioned media were then co-incubated with a chordin
protein which is C-terminally tagged with a myc epitope
(Piccolo et al., 1997) and, following co-incubation, the state
f the chordin protein was analyzed by western immuno-
lotting using anti-myc antibodies. When chordin-myc was
ncubated in the presence of BMP1-containing supernatant
he major band corresponding to full-length chordin (;120
Da; Fig.4C, lane 2, open arrowhead) was diminished in
ntensity concomitant with the appearance of a major
leavage product migrating at ;95 kDa (Fig. 4C, lane 2,
closed arrowhead). To examine the effects of DN-BMP1 on
BMP1 cleavage of chordin, 293T cells were either trans-
fected with expression vectors driving expression of wild-
type BMP1 alone (tagged at its carboxy terminus with a
hemagglutinin epitope; WT-BMP1) or cotransfected with
WT-BMP1 together with the DN-BMP1 expression vector.
When DN-BMP1 was cotransfected with WT-BMP1, the
DN-BMP1 abrogated the chordin-cleaving properties of
WT-BMP1 (Fig. 4C, compare lanes 2 and 4).
To demonstrate that DN-BMP1 inhibits the activity of
BMP1 in vivo, we tested whether DN-BMP1 could inhibit
the ventralizing effects of BMP1. As an assay for ventral-
ization, we examined the expansion of ventral blood islands
using a histochemical staining technique (Hemmati-
Brivanlou and Thomsen, 1995; Orkin et al., 1975). Micro-
injection of wild-type BMP1 mRNA into embryos causes an
expansion of the ventral blood island (compare Figs. 4D and
4E) consistent with the ectopic blood found at later stages
(Figs. 1A and 1B). Microinjection of DN-BMP1 mRNA
together with wild-type BMP1 neutralizes the ventral blood
island expansion (Fig. 4F) induced by wild-type BMP1,
suggesting that DN-BMP1 inhibits the ventralizing effects
of wild-type BMP1. We also examined whether DN-BMP1
is capable of inhibiting the function of Xolloid. Microinjec-
tion of Xolloid mRNA, like BMP1, induces expansion of the
ventral blood island (Fig. 4G) and DN-BMP1 similarly
inhibits this activity of Xolloid (Fig. 4H). These data dem-
onstrate that DN-BMP1 can block the enzymatic activities
of both BMP1 and Xolloid. While we have not tested
directly whether DN-BMP1 can inhibit the chordin-
cleaving activity of Xolloid in vitro, similar to its effects on
wild-type BMP1 (Fig. 4C), we suggest that DN-BMP1 inhib-
its the ventralizing effects of both wild-type BMP1 and
Xolloid probably via direct inhibition of their abilities to
cleave chordin.
Dominant-Negative BMP1 Is Dorsalizing
To examine the in vivo function of endogenous BMP1
and Xolloid; see above), we expressed DN-BMP1 dorsally
nd ventrally and examined the embryos for morphological
ffects on dorsal–ventral patterning. Microinjection of 100
g DN-BMP1 mRNA into the dorsal marginal zone of
ight-cell stage embryos resulted in embryos with an appar-
nt increase in the size of anterior structures at early
ailbud stages (data not shown). This phenotype is reminis-
ent of the phenotype produced upon dorsal expression of m
Copyright © 2000 by Academic Press. All rightominant-negative Xolloid (Piccolo et al., 1997) and is
onsistent with the hypothesis that DN-BMP1, through its
nhibition of BMP1 and Xolloid, may either increase the
tability of dorsally expressed chordin protein or expand
hordin’s action outside of its normal expression domain.
herefore, DN-BMP1 may facilitate either greater levels of
nhibition of BMP signaling or expansion of the dorsal
zone of inhibition” of BMP signaling by chordin (see
elow).
As BMP1 is expressed throughout the early embryo (our
npublished data; see also Maeno et al., 1993; Goodman et
l., 1998), we also expressed DN-BMP1 in the ventral
arginal zone. Injection of 100–300 pg DN-BMP1 mRNA
nto a single ventral vegetal blastomere of eight-cell stage
mbryos resulted in the induction of secondary axes (89%,
5 57; Fig. 5). Analysis of marker gene expression (sizzled,
yf5, and goosecoid) at the gastrula stage demonstrates
hat DN-BMP1 functions early in development (Figs. 1F, 1I,
nd 1L, respectively). Furthermore, coexpression with wild-
ype BMP1 abolished the secondary axis-inducing effects of
N-BMP1 (Figs. 5C and 5D). Wild-type Xolloid mRNA also
locked the secondary axis-inducing activity of DN-BMP1,
hough somewhat less efficiently (data not shown). This is
resumably due either to a difference in the level of protein
xpressed from BMP1 mRNA versus Xolloid mRNA or to a
ifference in enzymatic activity of these proteases toward
hordin (Scott et al., 1999). We have not examined this
ssue in more detail.
The observation that DN-BMP1 induces secondary axes
hen expressed ventrally raises an interesting question.
ow does ventral inhibition of endogenous BMP1 and
olloid lead to secondary axis formation if chordin is
xpressed dorsally (Spemann’s organizer)? We suggest two
ypotheses to explain these observations (see Figs. 6A and
B). One hypothesis suggests that chordin protein, synthe-
ized dorsally, can either diffuse or by some other mecha-
ism (see Discussion) travel to the ventral side of the
mbryo (see Fig. 6A), perhaps establishing a dorsal-to-
entral concentration (“morphogen”) gradient. According
o this hypothesis, in normal embryos, most but not all of
he chordin protein which has “traveled” ventrally is de-
raded by endogenous BMP1 and Xolloid. However, upon
igh level expression of DN-BMP1 in the ventral region,
ntact chordin protein which has arrived at the ventral side
s “protected” from the proteolytic action of BMP1 and
olloid. This protected chordin protein is then free to block
ccess of BMP ligands to their cognate BMP receptors,
esulting in secondary axis formation. An alternative hy-
othesis (Fig. 6B, left) suggests that induction of secondary
xes by ventral inhibition of BMP1 and Xolloid does not
ely on the organizer as a source of chordin expression, but
nstead DN-BMP1 acts by stabilizing chordin protein ex-
ressed throughout the embryo. This hypothesis supposes
hat chordin may be found throughout the embryo perhaps
s either maternally deposited chordin protein or chordin
rotein synthesized from ventrally localized mRNA that is
aternally or zygotically transcribed. It is important to
s of reproduction in any form reserved.
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131BMP1 Controls Chordin’s Range of Actionstress that the key difference between these two hypotheses
is that DN-BMP1 results in the stabilization of chordin on
the ventral side because either (1) chordin travels to the
FIG. 7. Chordin is expressed outside of Spemann’s organizer and
MP1 acts to inhibit a chordin positive autofeedback loop. (A)
hordin is expressed outside of Spemann’s organizer. Marginal
ones fragments were dissected from early gastrula stage 10.25
mbryos (numbers on the embryo correspond to RT-PCR lane
umbers) and chordin RNA was examined by RT-PCR. While
hordin is expressed at very high levels dorsally, it is detectable in
he ventral marginal zone as well. (B–E) Chordin gene expression is
p-regulated by repressing BMP signaling. Ventral expression of
hordin itself (lacking its 39UTR; 20 pg), dominant-negative type I
MP receptor (1.6 ng), or noggin (10 pg) results in ventral expression
f chordin mRNA. (E) Chordin is also induced in the animal pole in
esponse to inhibition of BMP signaling (arrow). Noggin mRNA (10
g) was co-injected animally at the 64-cell stage. (F) Chordin is also
p-regulated ventrally and in the animal pole (G) upon expression
f DN-BMP1. In B–G, the mRNA injected is stated in the lower
ight corner. In B, chordin’s 39UTR was used as probe to selectively
etect mRNA synthesized off the endogenous chordin gene.ventral side from the organizer, perhaps by diffusion (Fig.
Copyright © 2000 by Academic Press. All rightA, left) or (2) there is an endogenous ventral source of
hordin protein (Fig. 6B, left). These models are tested
elow.
Dominant-Negative BMP1 Reveals a Role for
Endogenous Metalloproteases in Regulating
Chordin Function and Expression outside of
Spemann’s Organizer
The first model, that organizer-expressed chordin protein
travels to the ventral side of the embryo, predicts that the
axis-inducing activity of DN-BMP1 should be dependent on
the level of expression of chordin in Spemann’s organizer.
Therefore, inhibition of chordin expression in the dorsal
marginal zone should block the axis-inducing activity of
DN-BMP1. To test this hypothesis, dorsal expression of
chordin was blocked in embryos via UV irradiation of the
vegetal pole during the first cell cycle. Vegetal UV treat-
ment at this stage inhibits the cortical cytoplasmic rotation
required to move dorsal determinants to the future dorsal
side of the embryo and hence blocks establishment of
Spemann’s organizer (see Gerhart et al., 1989). Blocking
establishment of Spemann’s organizer in turn results in
radially ventralized embryos concomitant with a loss of
detectable expression of chordin from the dorsal marginal
zone (data not shown; Sasai et al., 1994). We assessed the
axis-rescuing ability of DN-BMP1 following microinjection
of DN-BMP1 mRNA into UV-hyperventralized embryos. In
these experiments, UV treatment effectively hyperventral-
ized embryos (average DAI 5 0.13, n 5 46; Fig. 6C).
Microinjection of 100 pg of DN-BMP1 mRNA into a single
blastomere at the eight-cell stage partially rescues dorsal
axes (average DAI 5 3, n 5 27, Fig. 6D). We also examined
the specificity of DN-BMP19s axis-rescuing activity by
co-injecting DN-BMP1 mRNA together with either wild-
type BMP1 (Fig. 6E) or wild-type Xolloid mRNA (data not
shown). Both metalloproteases were able to block the
axis-rescuing activity of DN-BMP1, suggesting that DN-
BMP1 rescues UV embryos by specifically inhibiting these
metalloproteases. Finally, DN-BMP1 rescued axes (see Figs.
6G–6L and the legend to Fig. 6 for details) in embryos
ventralized with dominant-negative TCF3 (Molenaar et al.,
1996). This observation excludes the trivial possibility that
the axis-rescuing ability of DN-BMP1 in UV-ventralized
embryos might be due to stabilization of chordin protein,
which is synthesized in the vegetal pole instead of the
dorsal marginal zone (as has been observed for several other
organizer-specific genes in UV-ventralized embryos; Lau-
rent et al., 1997; Medina et al., 1997) and travels out of the
vegetal region. Therefore, we conclude that the axis-
inducing activity of DN-BMP1 does not require organizer-
derived chordin protein, suggesting that the first model (Fig.
6A) is not sufficient to explain the axis-inducing activity of
DN-BMP1.
Next, we examined the possibility that the axis-inducing
effects of ventral DN-BMP1 expression may be due to
stabilization of maternal or zygotic chordin protein ex-
s of reproduction in any form reserved.
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132 Blitz et al.pressed outside of Spemann’s organizer as suggested by the
second hypothesis (Fig. 6B). We find that chordin mRNA is
indeed present in the ventral marginal zone of gastrula stage
embryos (Fig. 7A, lane 4), albeit at low levels. While it is
conceivable that, upon expression of DN-BMP1 ventrally,
enough chordin protein synthesized from this RNA could
be protected from degradation to give rise to ectopic axes,
the high levels of dorsal chordin expression suggest that the
amounts of chordin protein which might be stabilized by
BMP1 inhibition may be insufficient to significantly inhibit
BMP signaling. Therefore, we sought to examine the possi-
bility that ventral expression of DN-BMP1 might, through
its “protection” of endogenous ventral chordin protein,
activate a chordin positive autofeedback loop resulting in
secondary axis formation. Perhaps during late blastula
stages when BMP4 expression is not yet maximal, disrup-
tion of endogenous BMP1 and Xolloid activity ventrally by
FIG. 8. Competition between BMP4 and chordin positive autofeed
receptor complexes results in the concomitant repression of chor
maintaining expression of BMP4 outside the Spemann’s organizer.
chordin’s repression of the BMP4 positive autofeedback loop. Chord
signaling-dependent activation of its own gene expression and, c
chordin gene. The chordin gene is then derepressed, completing th
the levels of expression of BMP4 (ventrally, laterally, and animally
midblastula transition by the dorsal determinant pathway, in the c
embryo, also established by maternal factors. Low level expression
Xolloid which proteolytically inactivate chordin, thereby permittin
transduction resulting in activation and repression of the BMP4 anDN-BMP1 may permit low levels of ventral chordin protein r
Copyright © 2000 by Academic Press. All righto interfere with BMP signaling. This early inhibition of
MP signaling might in turn interfere with establishment
f a BMP4 positive autofeedback loop (see Fig. 8; Jones et
l., 1992; Metz et al., 1998; Kim et al., 1998), resulting in an
mplification of chordin expression.
To examine the possibility that chordin can amplify its own
xpression, we constructed a truncated chordin mRNA which
acks its 39 untranslated region (chordinD39UTR). Deletion of
he chordin 39UTR allows for specific detection of endogenous
hordin mRNA expression using a probe synthesized against
he chordin 39UTR, without detecting the injected chordin
essage. Microinjection of 20 pg of chordinD39UTR mRNA
entrally at the four-cell stage, followed by whole-mount in
itu hybridization with the 39UTR-specific probe, demon-
trates that injected chordinD39UTR does indeed induce en-
ogenous chordin gene expression (Fig. 7B). This result sug-
ests that such a chordin positive autofeedback loop (Fig. 8,
loops. BMP4 signaling (left) through heteromeric type I and II BMP
ene expression and activation of BMP4 gene expression, thereby
ordin positive autofeedback loop (right) occurs indirectly through
y competitively inhibiting BMP4 receptor activation, blocks BMP4
mitantly, chordin blocks BMP49s repression of expression of the
p. The balance between these two feedback pathways depends on
chordin (dorsally; Spemann’s organizer). These are established at
f chordin, and the “default” ventral state of the remainder of the
hordin protein outside of the organizer is inhibited by BMP1 and
intenance of the ventral (BMP4 autofeedback) pathway. BMP signal
ordin genes may or may not occur by direct pathways.back
din g
A ch
in, b
onco
e loo
) and
ase o
of c
g maight) indeed exists in vivo. To determine whether chordin
s of reproduction in any form reserved.
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133BMP1 Controls Chordin’s Range of Actionautoinduction is due to chordin’s inhibition of BMP signaling,
the BMP inhibitors noggin and dominant-negative type I BMP
receptor were also examined for their ability to induce chordin
expression. Gastrula stage embryos expressing DN-BR or
noggin ventrally do show chordin induction ventrally (Figs.
7C and 7D). Furthermore, DN-BR (data not shown),
chordinD39UTR (data not shown), and noggin (Fig. 7E) can
nduce chordin in the animal pole. These observations con-
rm the hypothesis that the mechanism underlying chordin’s
nduction of its own expression is likely due to chordin’s
ctivity as an inhibitor of BMP signaling (see also Fig. 8).
inally, our model predicts that expression of DN-BMP1
hould also induce the expression of chordin. Figures 7F and
G show that chordin is indeed up-regulated upon expression
f DN-BMP1 ventrally or animally, respectively. Therefore,
e hypothesize that axis induction by DN-BMP1 occurs
hrough its inhibition of cleavage of ventrally expressed chor-
in by endogenous wild-type BMP1 and Xolloid which in turn
esults in stabilization of chordin protein leading to chordin’s
utoamplification of its own expression.
DISCUSSION
The Astacin Metalloproteases BMP1 and Xolloid
Promote Ventral Specification by Proteolytic
Inactivation of Chordin
Astacin metalloproteases (BMP1 and Xolloid in Xenopus
and Tolloid in Drosophila) play a role in regulating BMP
signaling during early embryogenesis. BMP1 opposes chor-
din’s secondary axis-inducing activity, but it cannot antago-
nize the activities of other BMP inhibitors such as noggin,
DN-BR, or cleavage mutant BMP7 (Scott et al., 1999).
Furthermore, BMP1 has ventralizing activity in vivo and
dominant-negative BMP1 has the opposite effect and is
dorsalizing. Xenopus chordin binds BMPs 2 and 4 with high
affinity (Piccolo et al., 1996) through its four cysteine-rich
procollagen-related repeats (Larrain et al., 2000) to block
receptor activation. BMP1 can cleave chordin protein in
vitro, is maternally and zygotically expressed, and, like its
mouse homolog, is uniformly distributed at low levels
throughout the early gastrula stage embryo (our unpub-
lished data; Maeno et al., 1993; Goodman et al., 1998; Scott
et al., 1999). These observations strongly suggest that
BMP19s ventralizing effects are specific to chordin-
mediated dorsal specification. Therefore, we conclude that
BMP1, like Xolloid, is present at the right time and place
and possesses the enzymatic specificity (see below) to
regulate chordin function in vivo.
Paradoxically, neither the mouse BMP1 knockout pheno-
type nor the zebrafish mutant minifin, deficient in zebrafish
Tolloid, reveals any morphologically obvious dorsal–
ventral patterning defect (Suzuki et al., 1996; Conners et
Copyright © 2000 by Academic Press. All rightal., 1999). However, the data of Scott et al. (1999) suggest
that tolloid-like-1 (TLL-1; this enzyme may be the mouse
homolog of Xenopus Xolloid, though this has been difficult
to ascertain by sequence comparison) is also expressed in
the early mouse embryo and also has chordin-cleaving
activity. Therefore, mouse BMP1 and TLL-1 may have
redundant functions in chordin regulation. Taking into
consideration these results from mouse, the fact that BMP1
and Xolloid both inhibit chordin function in Xenopus, and
the fact that dominant-negative BMP1 inhibits both BMP1
and Xolloid to induce strong alterations in D-V patterning
in Xenopus embryos, it seems likely that the phenotypes in
the present study could be revealed only by the simulta-
neous inhibition of both of these metalloproteases.
While this article was in review, Wardle et al. (1999)
published conclusions similar to those presented above,
notably that BMP1 can proteolytically inactivate chordin
and that this inactivation facilitates BMP signaling to
permit ventral specification in Xenopus embryos. However,
our results that UV-hyperventralized embryos can be res-
cued by expression of dominant-negative BMP1 differ from
those of Wardle et al. Our results may be due to differences
in strategy to produce dominant-negative BMP1 proteins
(which we speculate permitted higher level expression of
our DN-BMP1 in this study) and have contributed to our
interpretation about the range of action of chordin (see
below).
While we and others have added BMP1 to a growing list of
potential vertebrate chordin regulators (this report; Scott et
al., 1999; Wardle et al., 1999), it is important to note that
not all astacin metalloproteases have effects on Xenopus
dorsal–ventral patterning: there is specificity for chordin
cleavage by astacin metalloproteases. This was first sug-
gested by the observation that the Drosophila gene tolloid-
related-1/tolkin cannot genetically substitute for a tolloid
loss-of-function mutation (Nguyen et al., 1994; Finelli et
al., 1995). These genetic data suggest that not all “tolloid-
like” astacin metalloproteases can cleave chordin. In Xeno-
pus secondary axis induction assays, BMP1, TLL-1, and
Xolloid all oppose chordin activity and in vitro these
enzymes cleave chordin, while the closely related astacins
TLD and TLL-2 do neither (Scott et al., 1999; Piccolo et al.,
1997; Wardle et al., 1999). Therefore, it is not safe to assume
that all members of the “tolloid subfamily” of astacin
proteases are chordin-cleaving proteases.
Effects of Dominant-Negative BMP1 Reveal
Opposing Chordin and BMP4 Positive
Autofeedback Loops
Through analyses of the effects of a dominant-negative
mutant version of BMP1, we conclude that one role for
endogenous BMP1 and Xolloid is to suppress the function of
chordin protein expressed at a low level throughout the
early gastrula. This function of BMP1 and Xolloid may be to
allow proper establishment and/or maintenance of a BMP4
positive autofeedback loop (Fig. 8, left) that operates in the
s of reproduction in any form reserved.
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134 Blitz et al.early Xenopus, zebrafish (BMP2b/swirl), and Drosophila
dpp) embryos. Evidence supporting the existence of a BMP4
ositive autofeedback loop derives from both gain- and
oss-of-function experiments. For example, overexpression
f human BMP4 in Xenopus embryos up-regulates the
endogenous Xenopus BMP4 gene and BMP4 autoregulates
ts own expression during gastrulation (Jones et al., 1992;
etz et al., 1998; Kim et al., 1998). Furthermore, zebrafish
mutants deficient for BMP signaling pathway components
(swirl, somitabun, and snailhouse) lack BMP2b/swirl ex-
pression (swirl is expressed similarly to Xenopus BMP4 and
appears to play the analogous role to BMP4 in the early
zebrafish embryo) (Hild et al., 1999; Nguyen et al., 1998;
Nikaido et al., 1997).
In addition to the above-mentioned BMP4 positive
utofeedback loop, we suggest that there is also an opposing
hordin positive autofeedback loop (Fig. 8, right). Several
ines of evidence support this notion. First, ectopic activa-
ion of BMP signaling in the organizer shuts off chordin
xpression (Laurent and Cho, 1999). Second, inhibition of
MP signaling ventrally or animally leads to ectopic chor-
in expression (this study). This autoinduction of chordin is
ue to its activity as a BMP inhibitor since both the secreted
MP inhibitor noggin and a dominant-negative type I BMP
eceptor can also induce chordin gene expression. Third,
enetic evidence from zebrafish implies that a chordin
utofeedback loop opposes the BMP2b/swirl autofeedback
oop. In swirl2/2, somitabun2/2, snailhouse2/2, and
minifin2/2 mutant embryos (deficient in BMP2b, smad5,
BMP7, and tolloid, respectively), in which BMP signaling is
compromised to varying extents, chordin expression is
expanded outside of its normal domain of expression
(Miller-Bertoglio et al., 1997; Conners et al., 1999), whereas
n a chordino2/2 mutant, chordino RNA expression is
reduced (Schulte-Merker et al., 1997). These observations
suggest that two opposing feedback loops (i.e., BMP4 versus
chordin) act to establish or refine the BMP4 and chordin
expression domains. A loss of BMP signaling results in
increased chordin expression, whereas a loss in inhibition
of BMP signaling (a loss in BMP-induced inhibition of
chordin) results in the opposite up-regulation of BMP4.
Therefore, another major function of endogenous BMP1 and
Xolloid in early Xenopus embryos may be to maintain the
spatiotemporal “balance of power” between these opposing
positive feedback loops. BMP1 and Xolloid probably play a
role in allowing proper establishment of the BMP4 expres-
sion pattern by opposing the improper up-regulation of
chordin outside of the organizer (Fig. 8; see also below).
Is Chordin a Long-Range- or Short-Range-Acting
BMP Inhibitor in Vivo?
SOG, the Drosophila relative of chordin, has been sug-
ested to act as a long-range non-cell-autonomous factor
roducing a gradient of BMP (DPP/SCW) signaling (Zusman
t al., 1988; Ferguson and Anderson, 1992b; Wharton et al.,
Copyright © 2000 by Academic Press. All right993; Francois et al., 1994). Perhaps the most compelling
olecular evidence to support the notion that BMP signal-
ng may indeed be graded in vivo in Xenopus comes from
he analysis of the spatial expression of myf5, a marker of
esoderm “intermediate” between dorsal and ventral
Dosch et al., 1997). Decreasing endogenous BMP signaling
entrally shifts myf5 expression toward the ventral side,
nd similarly increasing BMP signaling dorsally shifts myf5
xpression toward the dorsal side. These data suggest that
recise levels of BMP signaling are required for proper
patial positioning of the myf5 expression domain in vivo.
owever, rigorous proof that BMP signaling is graded in
ivo is still lacking.
In this report we have provided evidence that overexpres-
ion of chordin can result in long-range inhibition of BMP
ignaling (over more than 400 mm). We have also provided
vidence that overexpression of chordin can produce a
radient of BMP signaling (in orientation opposite to that of
he gradient of BMP signal inhibition by chordin). However,
t is currently unclear whether chordin functions accord-
ngly in vivo. While it remains possible that chordin can act
o establish a long-range gradient of BMP signaling (our data
annot unequivocally exclude this as a possibility), we favor
he interpretation that chordin is a short-range-acting mol-
cule. First, the chordin and Xvent2 (Vox) expression do-
ains are complementary (Schmidt et al., 1996), suggesting
that chordin does not act over long distances (i.e., outside of
its organizer expression domain) to inhibit Xvent2 in vivo.
Second, microinjection of mRNA encoding DN-BR acti-
vates endogenous chordin expression (Fig. 7C). However,
the amount of chordin protein expressed in response to high
levels of DN-BR appears incapable of repressing Xvent2 at a
distance (Figs. 3H and 3K and data not shown). Third, in our
experiments, long-range inhibition of Xvent2 by chordin
only occurs at “high” concentrations of injected chordin
mRNA (.3 pg/blastomere; depending on the “batch” of
RNA; Fig. 3). However, as little as 1–3 pg of chordin mRNA
can induce secondary axes (Fig. 3P, arrows), but does not
inhibit Xvent2 over a long distance (Figs. 3C and 3F and
data not shown), suggesting that these low levels may be
the “more biologically relevant” levels of chordin to con-
sider. In conclusion, while we cannot unequivocally state
that chordin, expressed in the organizer, acts over long
distances to establish a gradient of BMP signaling, we
suggest that this is an unlikely scenario.
The Role of BMP1 in Regulating Chordin’s Range
of Action during Early Xenopus Embryogenesis:
The Possibility of a Juxtacrine Cell Relay
Several lines of evidence, discussed above, suggest that
chordin’s long-range inhibition of BMP signaling (in our
overexpression experiments) may not represent the in vivo
condition. We suggest that chordin’s long-range inhibitory
effects in these experiments may arise as a result of high
levels of chordin “overwhelming” the endogenous BMP1
and Xolloid enzymes (see also Figs. 3M–3O) such that
s of reproduction in any form reserved.
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135BMP1 Controls Chordin’s Range of Actionchordin is permitted to act farther away from its site of
expression than in the normal situation. There may be an
important reason to confine chordin’s inhibitory effects to
the organizer. One could envision that a juxtacrine cell
relay might be activated to extend chordin’s domain of
action a large distance if BMP signaling inhibition went
unchecked by BMP1-related metalloproteases. If organizer-
expressed chordin protein is long-range acting (i.e., acts at a
distance from its source of synthesis), then peak concentra-
tions of secreted chordin protein would be found nearest the
chordin-expressing cells. Since chordin inhibits BMP sig-
naling, chordin protein located immediately outside of the
chordin RNA expression domain should (by the definition
of “long-range acting”) inhibit BMP signaling strongly in
these neighboring cells. Through the action of the chordin
positive autofeedback loop these neighboring cells would be
expected to activate their own expression of chordin. Chor-
din protein from these cells then may affect BMP signal
reception of cells farther distal to the organizer propagating
an expansion of chordin’s expression domain away from the
organizer region. Similar juxtacrine cell relays have been
mathematically modeled (Monk, 1998). Since chordin’s
expression is confined to the organizer, something may be
required to keep the chordin positive autofeedback loop
under control such that chordin expression does not expand
too far from the organizer. We suggest that one function of
BMP1 and Xolloid is to prevent chordin protein from
escaping the organizer region to prevent chordin from
acting at a distance.
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